Morphology is a consequence of sequentially occurring developmental events, termed a 2 2 developmental sequence, and evolutionary changes in the sequence can generate morphological 2 3
1 0
2). Using the obtained ancestral developmental sequences, we compared the normalized ranks of 1 9 8
individual events as we did in Figure 3a . Overall, the rank orders of individual events in the 1 9 9
ancestral developmental sequences ( Figure 3b and 3c) were quite similar to those in the extant 2 0 0 fish sequences ( Figure 3a) ; when the developmental events were horizontally aligned in the same 2 0 1 order of the extant average ranks, there were only a few inversions in the order of two successive 2 0 2 events at the average level (e.g., the order between first somite (fs) and tail bud (tb)). Because this change their orders more frequently than the others during evolution.
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Because the rank seemed to fluctuate depending on the event, we more systematically
analyzed the size of variations of the ranks. As an index of rank changeability, the pairwise rank distances between all pairs of the ancestral developmental sequences were measured and defined as the average rank orders in the extant fish, the rank changeability was found to be 2 1 4 squeezed in the middle phase of the developmental sequence, involving three brain largest rank changeability.
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We then focused on the actual sequence of developmental events. Figure 5 shows the comparison of event orders in ancestral developmental sequences (Supplemental figure 1). events that can explain the changes from one sequence to another at every node of the fish 2 3 4 phylogenetic tree. Although this is a parsimony-based algorithm and therefore estimates the between acctran and deltran) heterochronic shifts in total (Supplemental file 3). The fish
phylogenetic tree has 60 branches in total. When the detected shifts were mapped over the and three heterochronic shifts were detected by acctran and deltran optimizations, respectively. heterochronic shifts, of which the number was nearly proportional to the phylogenetic branch length (white circles in Figure 6a and 6b). By contrast, the actual distribution of heterochronic
shifts detected by the Parsimov analysis was much more constant, regardless of the branch 2 4 9 length in both acctran and deltran optimizations (black circles in Figure 6a and 6b). Coefficient showed similar results, indicating that the number of heterochronic shifts per branch is more The heterochronic shifts of developmental events are sometimes associated to configuration of acceptable developmental sequences. Our event sequence analyses indeed
showed that only certain types of changes are acceptable in the developmental sequences heterochronic shifts, because they are limited, but still a great many acceptable sequences exist.
One interesting finding of this study is that some developmental events change their
temporal orders more drastically than others during evolution. Of particular note is the that this single morphogenetic field actually is a mosaic composed of three distinct fin primodia
[67]. Thus, it is possible that the three primodia behaved as independent modules during 3 1 1 evolution, thereby expanding the temporal range of this event. Another interesting example is
the timing of hatch (h), which is relatively easily changeable with the three following developmental events, mouth opening (mo), swim bladder (sb) and caudal fin ray (cfr). All
these events are directly related to the life strategy of how a fish survives during the larval stage,
and therefore changing the orders may be advantageous under some circumstances, particularly
when fish have to adapt to a new environment [68] . Indeed, the temporal shift of birth timing
has been regarded as a symbolic example of "heterochrony", an evolutionary force based on When the developmental events were aligned along the ontogenetic sequence, the rank 3 2 0 changeability was squeezed in the middle phase of the early development involving three brain transcriptome analyses but still lacks sufficient evidence from objective morphological analyses. Although the relationship between the developmental sequences and morphological similarity is not very straightforward, our results seem to provide another support for the hourglass model from the morphological point of view.
There is a common observation that the external temperature affects developmental frequent encounters with such situations somehow increase the chances that some fish adopt a
shift in a persistent manner. Currently, it is not clear whether such fish-specific circumstances
are reflected in the present results. Future systematic analyses using other groups of animals 3 3 7
will address this issue. sequence heterochrony: evolution of avian ossification sequences as a case study. Zoology stability of a vertebrate Bauplan and the evolution of morphologies through heterochrony.
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